Successful production of herbage by cool-season forage grasses in the southern Plains is heavily dependent on a sufficient supply of available nitrogen (N), and appropriate scheduling of N application is an important component of cost-effective fertilizer use. The effects of different combinations of fall, early-spring, and late-spring increments of 22.3 lb N/acre on herbage dry matter (DM) and N yields of annual (Italian) ryegrass (Lolium multiflorum Lam.) were tested over 3 yr. Fall N application had minimal effect on ryegrass establishment, measured in plant or tiller counts in the following spring. Application of N in fall did not produce harvestable herbage DM in fall and provided significant increase in DM yield in the following spring in only one year out of three. Early-spring N application produced significant yield increase in two out of three years and provided a mean yield response of 17.2 lb DM/lb N applied. Application of N for regrowth after initial ryegrass harvest in early May produced a mean yield increment of 6.7 lb DM/lb N applied. There was no residual effect of fall or spring N application on warm-season grass production. Limited N supply (<89 lb N/acre) is likely to be most efficiently used when applied at the beginning of the spring growing season.
Cost-effective use of N fertilizer requires that the value of additional forage resulting from N fertilization be greater than the cost of the N applied. Increased nitrogen use efficiency (NUE), where NUE = increase in forage dry matter (DM) produced per unit of N applied (Zemenchik and Albrecht, 2002) , implies a reduction in unit cost of forage and may be an indicator of potential improvement in the profitability of forage production. Management practices that enhance NUE will be of interest to farmers seeking improved economic performance of forage-based enterprises, and this is likely to be increasingly true because long-term trends in N and product price indices show greater increase in N cost than in product prices (Ribaudo et al., 2011) . While NUE is important from an economic perspective, uptake efficiency is also important because N not captured by growing plants represents not only a significant loss to the production system (Power, 1986; Watson et al., 2007) but also a potential source of N leakage detrimental to the broader environment (Singer and Moore, 2003) . Manipulation of timing of N application or amount of N applied can materially affect NUE, N recovery, and risk of negative environmental impact (Decau et al., 2004; Hennessy et al., 2008; Lutwick and Smith, 1979) .
The objectives of the work reported here were to determine whether N applied in fall, to stimulate growth of ryegrass overseeded on dormant warm-season pasture to provide cool-season forage, can be efficiently utilized for fall production or if it is necessary for longer-term production, with effects that carry over into the spring production period. Within the particular context of small and limited-resource production systems, the results will provide guidance on use of limited fertilizer resources and indicate whether farmers should retarget fall N application to augment spring N supply, for application in early spring or for regrowth of cool-season grass in late spring.
A series of experiments was performed over 3 yr (2009-2010, 2010-2011, and 2011-2012) 
Amount And timing of nitrogen ApplicAtion
Eight N application treatments were tested. These consisted of N application amount and timing treatments, made in factorial combination: (i) after emergence of ryegrass in fall (late October) of each year at 0 or 22.3 lb N/acre, (ii) in early spring (early March in 2010 and mid-February of 2011 and 2012) at 22.3 or 44.6 lb N/acre, and (iii) immediately following the first harvest in spring at 0 or 22.3 lb N/acre. Nitrogen fertilizer was hand-broadcast to plots in the form of granular urea (46% N). Treatments were arranged in a fully randomized block layout with four replicates.
Rainfall and temperature data were taken as means of values recorded at official stations at Guthrie, OK (12 mi west of the site), and Perkins, OK (10 mi east of the site), by the Oklahoma Mesonet (OCS, 2012) . Accumulated temperature (°F) was calculated as the accumulation of mean daily temperature ([daily maximum {Tmax} + daily minimum {Tmin}]/2) above a base temperature of 32°F. In each year, fall rainfall and temperature accumulations were calculated from 1 October to 31 December. Spring accumulations were measured over the period 1 January to first harvest and over the subsequent late-spring regrowth period in each year.
meAsurements
Plant and tiller counts were made in duplicate 6 by 6-inch quadrats placed at random in each plot after emergence in fall and again at the beginning of April in 2010 and 2011 and in mid-March of 2012. Initial harvests for estimation of DM production were made when approximately 50% of tillers were headed. A regrowth harvest was taken 6 wk after the initial harvest in each year, and subsequent harvests were made when standing herbage reached a height of approximately 8 inches. Harvest dates in each year are summarized in Table 1 . All harvests were taken from a 2.75 by 20-ft area clipped using a Troybilt sickle-bar mower (Troybilt, Troy, NY) to leave a 2.5-inch stubble. Following clipping, a sample of herbage, approximately 7 oz, was taken from the harvested material on each plot and hand-separated into ryegrass, warm-season grass, and forb components, before drying at 140°F for at least 72 h for estimation of DM content. Dried components of each sample were recombined following weighing, and were ground through a 0.04-inch sieve in a laboratory hammer mill for subsequent analysis of total N concentration by automated flash combustion (varioMacro, Elementar Americas, Inc., Mount Laurel, NJ).
stAtistics
Data of plant and tiller density, of herbage DM production, and harvested N amounts were statistically analyzed (ANOVA), with nitrogen level and timing of application as fixed effects and replicates the random element. Year effects were incorporated as the main plot factor in a splitplot analysis, to allow analysis of year ´ treatment interactions. Where ANOVA showed significant differences among treatments, mean separation was made by least significant difference at a = 0.05. Genstat 11 procedures (Genstat, 2008) were followed for all statistical analyses.
WeAther conditions
Rainfall and temperature conditions were different in each of the three years that the experiment was performed. Rainfall occurred earlier in the fall of 2009 than in 2011, but was less well distributed over the period (Fig. 1a) . In 2010 fall rainfall was more sporadic than in 2009 or 2011, and cumulative total was less than half the amount received in these years (Fig. 1a) . Accumulated temperatures between the beginning of October and end of December were similar in 2010 and 2011, but were consistently lower than these years in 2009 (Fig. 1c) . The spring growing season of 2012 was warmer and wetter than the equivalent periods in 2010 and 2011. Both 2010 and 2011 were cool until mid-February, and while 2011 was warmer than 2010 between mid-February and mid-June, rainfall throughout this period was substantially less than received in 2010 and 2012 ( Fig. 1b and   1d ). Accumulated temperatures over the period between initial and second harvests were similar in all years at 1804, 1874, and 1778°F above 32°F in 2010, 2011, and 2012, respectively . Accumulated rainfall over this period, in contrast, was quite different among years, with 10.9-, 4.9-, and 3.1-inch totals in 2010 to 2012 (Fig. 1b and 1d ).
plAnt And tiller numbers
Fall application of 22.3 lb N/acre had no significant effect on plant or tiller numbers measured in early spring. There was no significant effect of spring application of a 22.3 lb N/acre increment above 22.3 lb N/acre (applied between mid-February and the beginning of March) on plant or tiller numbers measured in mid-March or early April (data not shown). There was, however, a small but significant effect of fall-applied N that resulted in increased tiller numbers per plant from a mean of 5.14 to 6.03 tillers/ plant between 0 and 22.3 lb N/acre, respectively.
ryegrAss herbAge production
There was insufficient growth of ryegrass in any year to allow harvest in fall, irrespective of N application treatment. In two years out of three there was no significant effect of fall application of N on yield of ryegrass at the initial harvest in spring of the following year (Table 2) , or in total ryegrass yield for the year (Table 3) . Application of 44.6, rather than 22.3, lb N/acre in early spring increased initial and total annual yields of ryegrass in two years out of three (Tables 2 and 3 
WArm-seAson herbAge production
Total annual warm-season grass production was significantly different among years, but there was no significant interaction of N treatment and year on DM yields, which averaged 2010, 730, and 1400 lb DM/acre in 2010, 2011, and 2012, respectively. There was no evidence of a carry-over effect of fall or spring N application on warm-season grass yield, but there was an increase of 8.5% (P = 0.015) in 3-yr mean total yield of warm-season grass arising from application of 22.3 lb N/acre for regrowth following the initial harvest of ryegrass in spring. The mean yield response was, however, quite small at 5 lb DM/lb N applied. 
totAl AnnuAl herbAge production
Nitrogen application effects on total annual herbage production largely reflected responses observed with annual ryegrass, with significant interactions of N treatment ´ year that showed significant increase in yield in one year out of three following fall application of N and in two years out of three with spring applications of N (Table 4) .
hArvested nitrogen
Total nitrogen capture in harvested material was increased by increased N application. The greatest N yield effect was recorded with increased N application in early spring in 2012, at 0.48 lb N harvest/lb N applied (Table 5) . Generally the proportion of applied N that was harvested was quite low, with annual averages of 0.24, 0.16, and 0.34 in 2010, 2011, and 2012, respectively (Table 6 ). The N level or timing of application did not significantly affect N yields in any year after the regrowth (second) harvest, when herbage comprised principally warm-season grasses.
improved nitrogen mAnAgement for AnnuAl ryegrAss
Ryegrass DM yield and N uptake responses to level and time of application of N were highly variable across years, reflecting differences in growing conditions, especially seasonal rainfall, from year to year. For early-and late-spring N applications the results indicate a linear relation of DM response to N (lb DM/lb N applied) with cumulative rainfall (RAIN, inches) over the subsequent growing period (DM response = 2.95 ´ RAIN -10.7 [r 2 = 0.87]). However, without reliable medium-term forecasting of seasonal rainfall, increased efficiency of N application, through anticipation of variability in DM yield response, will be difficult to achieve. Fall application of N was not helpful for production of harvestable herbage in fall, and this observation is consistent with earlier results at the Langston site (Bartholomew and Williams, 2009) . Provision of N fertilizer in fall did not appear to be a prerequisite for effective crop establishment, although there was a small benefit in tiller production per plant associated with fall N application. Even though there was no benefit of fall N application for fall herbage production, in two years out of three there was only limited residual effect of fall N on herbage yields in spring, implying loss of fall-applied N from the system. The effect on herbage production of spring-applied N was also variable from year to year, but on average over 3 yr, the response in spring herbage DM (17.2 lb DM/lb N) was greater than observed with the same 22.3 lb N/acre increment in fall-or late-spring-applied N (13.4 and 6.7 lb DM/ lb N, respectively). The DM response levels (lb DM/lb N applied) are comparable with values for perennial coolseason grasses reported in the literature (Zemenchik and Albrecht, 2002) . The N uptake values also fall within the broad range of estimates reported for cool-season grasses (Morris et al., 1986; Power, 1986; Zemenchik and Albrecht, 2002) but, with N harvest representing between 0.13 and 0.48 of the amount of N applied, imply significant inefficiency in N capture. Although only a small proportion of N applied appears to be captured by ryegrass, there is no evidence that the warm-season component of the warmseason-cool-season grass mixture contributes to improved scavenging of N, as N treatment effects on warm-season grass DM and N yields were minimal.
conclusions
While high DM response to applied N can be realized with fall application of N, the probability that this will occur is lower than when N is applied in spring. The Table 4 . Effects of timing and amount of nitrogen (N) fertilizer application on cumulative total herbage yield (lb/acre) of mixed annual ryegrass and warm-season grass pasture in each of three growing seasons. greatest benefit of N application for ryegrass is found with early-spring application for spring growth. There does not appear to be any potential for gain in efficiency of N use by ryegrass through transfer of N applied in fall for use as postinitial harvest dressing for regrowth in late spring (late April to mid-May). Within the limited total N application (£89 lb N/acre) used in this experiment (and characteristic of small and limited-resource farmer practice), elimination of fall or late-spring applications of N would offer a potential 25 to 50% reduction in N use. Alternatively, if fall and late-spring N amounts were reallocated to early-spring application, this could provide an average gain in production of 380 to 760 lb DM/acre, reflecting increased NUE and increased capture of applied N. Table 6 . Effects of timing and amount of nitrogen (N) fertilizer application on annual total N harvested (lb/ acre) from mixed annual ryegrass and warm-season grass pasture in each of three growing seasons. 
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